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ABSTRACT
This report examines the effects of adding fluid viscous dampers to a steel special moment frame
through a series of analysis methods. Simple analysis procedures are first carried out and described,
including a linear static procedure and a linear dynamic procedure. Then further analysis is carried out
using a nonlinear dynamic analysis procedure. Multiple parameters are modified throughout the analy-
sis processes to determine the impact on results and the data from all the analysis methods are compiled
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1. INTRODUCTION
Based on the current building codes used to design buildings today, structures are both allowed
and expected to experience damage during a seismic event. Typically, the preferred response is ductile
yielding, since it provides indicators of failure before it happens and it is gradual, unlike brittle failures
which can happen very suddenly. For this type of response to happen in a structure, the members must
yield and go beyond the elastic region to the point where permanent deformation takes place.
While this type of response may meet code requirements for life safety in the case of a seismic event,
it often leads to extensive damage in the structural, and nonstructural elements of the building. This
damage can often be very costly to repair and can take a significant amount of time. This makes the
building unoccupiable which negatively impacts anyone who uses the building. By limiting or even
eliminating this damage, the time after a seismic event before a building can once again be occupiable
can be decreased significantly.
The use of fluid viscous dampers allows for some of the force from the earthquake to be diverted into
the dampers so that the actual structure has to resist less force. This can cause the necessary yielding of
the structural members to be very minimal if not nonexistent, and therefore the structure experiences
less damage. Since the dampers are not integrally a part of the lateral force resisting system, if they
become damaged after a seismic event it is much easier to remove and replace them, leading to a much
shorter recovery period before the building is occupiable again.
In order to ensure that the additional cost of adding fluid viscous dampers is less than the amount
saved in the reduced recovery and repair time, it is necessary to know specifically what the effects of
the added dampers are, and how the dampers should be implemented in the structure to get the desired
outcome. This report investigates such affects by examining the many variables that impact the perfor-
mance of fluid viscous dampers when added to a steel special moment frame.
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2. BACKGROUND
Fluid viscous dampers (FVDs) are devices that are designed to dissipate energy through heat. An
FVD is made up of a piston inside of a cylindrical container that is filled with a viscous fluid. When
the FVD experiences loading, one end of the damper moves relative to the other, causing the piston to
move through the viscous fluid, which pushes it through multiple orifices [7]. The work done by the
piston converts the kinetic energy from the movement of the structure into heat which is given off into
the environment. When applied in building structures, FVDs are used as a tool to divert energy from a
seismic event away from the structure of the building. FVDs are velocity dependent devices since they
rely on the movement of the ends of the damper. The relationship between the force in the damper and
velocity is shown in equation 1 below. The physical properties of the damper such as its size determine
the coefficient, C and the relationship between the velocity and the force can either be nonlinear or
linear, depending on what value is chosen for the damping coefficient α. Since FVDs are velocity depen-
dent and not frequency dependent, they do not have to be tuned to a specific frequency. FVDs also do
not add any additional stiffness to the structure which means that the use of FVDs does not change the
fundamental building period.
Taylor Devices Inc. is one of the industry leaders in the creation of FVDs. The company began in
1955 with the mission to create high quality products and to provide systems analysis, product devel-
opment, and manufacturing and testing capabilities to their customers [3]. Fluid viscous dampers were
originally made for NASA in the 1960s and then were later adopted into use for structural engineering
[4]. The first structures that FVDs were used in were for the military such as missile launch structures,
and then they were eventually sold commercially to be used in any buildings [5]. The technology of
FVDs continued to develop throughout the 1980s and 1990s and after the Northridge earthquake in
1994, there was increased interest in the use of FVDs to protect buildings during seismic events. The
fluid viscous dampers created by Taylor Devices can increase structural damping levels to as much as
50% of critical. The dampers they create are designed and tested to meet the necessary requirements
of the customer.
FVDs connect to the structure through a Clevis on either end and to allow for additional movement
there is typically a spherical bearing inside the Clevis [7]. Taylor Devices dampers are rated for forces
up to 1800 kips and they are analyzed for strength using finite element analysis [7]. Since FVDs only
provide resistance to force when the structure causes them to move, they do not carry any static load
in the structure. As a structure moves to its farthest point velocity goes to zero, and when it moves
back to the point where it started the velocity increases to a maximum. This means the damper force
is largest when the structure is not deflecting and it is at zero when the structure is at peak deflection
which means the FVD is out of phase with the movement of the structure, and it increases the building’s
ability to withstand earthquakes.
F = C ∗ Vα (Eq-1)
A diagram of a typical fluid viscous damper is shown in Figure 1, and Figures 2 through 4 show
images of fluid viscous dampers after they have been installed in buildings.
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Figure 1: Diagram of a Fluid Viscous Damper [7]
Figure 2: Photo of Damper - Cal Poly Pomona Library, Pomona, CA [7]
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Figure 3: Photo of Damper - 999 Sepulveda, El Segundo, CA [7]
Figure 4: Close Up of Fluid Viscous Damper [6]
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3. ANALYSIS PROCEDURES
3.1 Linear Static Analysis
3.1.1 Structural System
The structural system is a steel special moment frame that would be used as the lateral force re-
sisting system in a typical steel building built in a high seismic area. The Frame is 3 stories tall and 3
bays wide. Each bay is 30 ft long, the height from the ground to the first level is 16 ft, and the height
from the first level to the second level, and from the second level to the third level is 14 ft. All columns
in the frame are W14x93 sections. The beams at the first level are W24x84 sections, the beams at the
second level are W18x76 sections, and the beams at the third level are W16x26 sections. An elevation
of the frame and member sections is shown in fig 5.
Figure 5: Frame Elevation
3.1.2 Mass of Frame
The desired period for the frame is .7 which is the period of the building from which this frame
came from and is roughly .2 seconds per story. To get an initial estimation for the mass of the building
based on a period of .7, the following equation is used:











To find the stiffness of the structure the assumptions below are used:
for the first level: k =
6EI
H3
for all other levels: k =
3EI
H3
for W14x193 columns, the moment of inertia is I = 2400 in4 and for steel the modulus of elasticity
is E = 29000 ksi.
Column stiffnesses on the same level are in parallel so their stiffness values will be added, while the
stiffnesses from each level are in series so the inverse of their stiffnesses will be added together.
k1 =
6 ∗ 29000 ksi ∗ 24000 in4
(16 f t ∗ 12 in/ f t)3
= 59 k/in
Since there are 4 columns on one level: 4 ∗ 59 k/in = 236 k/in
k2 =
3 ∗ 29000 ksi ∗ 24000 in4
(14 f t ∗ 12 in/ f t)3
= 44 k/in
Since there are 4 columns on one level: 4 ∗ 44 k/in = 176 k/in












−→ ktotal = 64.1 k/in






(64.1 k/in) = .796 ks2/in
To determine the distribution of mass in the frame, the total mass is divided by 2.9 to get the mass
at each floor and that value is multiplied by .9 to get the mass at the roof.
floor mass: .796 ks2/in/2.9 = .2745 ks2/in ∗ (1000 l b/k) ∗ (12 in/ f t) = 3292 l b− s2/ f t
roof mass: .2745 ks2/in ∗ .9 = .2470 ks2/in ∗ (1000 l b/k) ∗ (12 in/ f t) = 2963 l b− s2/ f t
The portal method is used to distribute the mass between the columns at each level, where the in-
terior columns receive twice the mass as the exterior columns:
interior floor column mass: 3292 l b− s2/ f t /3 = 1097 l b− s2/ f t
exterior floor column mass: 3292 l b− s2/ f t /6 = 548.7 l b− s2/ f t
interior roof column mass: 2963 l b− s2/ f t /3 = 987.7 l b− s2/ f t
exterior roof column mass: 2963 l b− s2/ f t /6 = 493.8 l b− s2/ f t
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The frame is modeled in Etabs and the mass is applied in the x direction to the joints where the
columns and beams intersect at every level. The frame is analyzed with modal analysis and the period
with the initial assumption for mass determined above is .6091 seconds. To increase the period so that
it is closer to .7 seconds, the mass is increased by approximately 40%. The new mass values are:
interior floor column mass: 1553 l b− s2/ f t
exterior floor column mass: 776.5 l b− s2/ f t
interior roof column mass: 1398 l b− s2/ f t
exterior roof column mass: 699.2 l b− s2/ f t
An elevation of the frame with the masses applied is shown in Figure 6 below.
Figure 6: Frame Model with Applied Mass
With these new masses, the period increases to .7142 seconds, which is determined to be close enough
to .7 to be acceptable.
3.1.3 Equivalent Lateral Force Procedure
The seismic base shear, V is calculated for the frame based on the equivalent lateral force proce-
dure presented in ASCE 7-16. The site class is assumed to be site class D - Stiff Soil, and the risk
category selected for a typical building that this frame would be a part of is category II. The location
used to determine the spectral acceleration values is located in a high seismic region of the Bay Area.
The coordinates are: latitude 37.87319797, longitude -122.01933144. Using the SEAOC Seismic Maps
Tool, the spectral accelerations are determined to be SS = 2.142 and S1 = .716. The site coefficient
modification factors are found in tables 11.4-1 and 11.4-2 in ASCE 7-16: Fa = 1.0 and Fv = 1.7. The
modified and design spectral response accelerations are found as shown below:
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SMS = FaSS = 1.0 ∗ 2.142 = 2.142 [ASCE 7-16 Eq. 11.4-1]














∗ 1.217 = .8115 [ASCE 7-16 Eq. 11.4-4]
The seismic response coefficient is determined using the SDS and SD1 values previously calculated.
The period, T is .7 as assumed above. From ASCE 7-16 Table 12.2-1, the response modification factor, R
for a steel special moment frame is found to be 8. For a risk category II building, the importance factor,
Ie is equal to 1.0 . Assuming that the period is less than TL , the seismic response coefficient, CS will be























 = .1449 [ASCE 7-16 Eq. 12.8-3]
CS also cannot be less than: .044SDS Ie ≥ 0.01 = .0444 ∗ 1.428 ∗ 1 = .0628 ≥ 0.01











Based on all the requirements from ASCE 7-16, CS = .1449
The seismic base shear is calculated with the following equation:
V = CSW [ASCE 7-16 Eq. 12.8-1]
The seismic weight, W is found by multiplying the frame mass found previously by gravity:
W = (.796 ks2/in) ∗ (386.4 in/s2) = 307.6 k
Seismic base shear, V = .1449 ∗ 307.6 = 44.57 k
The seismic base shear is distributed vertically to each level with the following equation:








wx and wi are the portions of the seismic weight at level x or i
hx and hi are the heights from the base to level x or i
the exponent k is related to the period, and for a period of .7142 (between .5 and 2.5 s), k is determined









the table below shows the distribution of forces to each level:





3 44 64.24 95.45 6132 .4775 21.281
2 30 42.15 106.1 4471 .3481 15.516
1 16 21.11 106.1 2239 .1744 7.7711
totals 307.6 12842 1.00 44.57
Table 1: Vertical Distribution of Base Shear
The distributed forces in the table are applied to the frame model in Etabs to determine the story dis-
placements at each level
Figure 7: Plot of Story Displacements
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The elastic displacements from Etabs are used in the following equation to determine the deflection




[ASCE 7-16 Eq. 12.8-15]
Cd is the deflection amplification factor and it is found in ASCE 7-16 table 12.2-1
For a steel special moment frame Cd = 5.5












The story drift, ∆ is equal to the change in displacement between the 2 adjacent stories:
for level 3: ∆3 = 4.29 in− 2.62 in = 1.67 in
for level 2: ∆2 = 2.62 in− 1.15 in = 1.47 in
for level 1: ∆1 = 1.15 in− 0 in = 1.15 in
Through this initial simple analysis procedure, a general idea of the story drift in the frame is deter-
mined. To ensure the reliability of the Etabs model, the base shear is compared to the value found by
hand:
V (by hand) = 44.5684 k






∗ 100 = .00045%
3.2 Linear Dynamic Analysis
3.2.1 Response Spectrum Analysis
To determine the maximum performance of the structure, Response Spectrum Analysis is carried
out to determine how the frame deflects for each mode. The analysis is done both by hand and in Etabs
to ensure that the results from the computer model are reliable.
The calculations for the response spectrum analysis by hand were done in python and the code
can be found in Appendix B. For the hand calculations, double bending was assumed for stiffness, and
it was assumed that the bottom level of columns would have greater stiffness than the upper levels.
Eigen analysis was used to determine the mode shapes and squared frequency values (Φ and Ω2). The
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response spectrum was created based on the equations found in section 11.4 in ASCE 7-16 and the
same values from the Equivalent Lateral Force Procedure were used for Ss and S1. The plotted response
spectrum can be seen in Figure 8. The period for each mode was calculated using Ω2 and for each
period the associated acceleration from the response spectrum was determined, which was then used
to determine the displacement for each mode. This, along with the modal participation factor, allowed
for the calculation of the max q values which were then converted back into u (displacement) values.
Once the max displacements from each mode were found, they were combined using the square root of
the sum of squares (SRSS) method to determine the max displacement at each degree of freedom (DOF).
Figure 8: Plot of Response Spectrum
In Etabs, to create the response spectrum the same SS and S1 values that were used for the hand calcu-
lations were entered as shown in Figure 9. To stay consistent with the hand calculations, the modal case
sub type used was Eigen. For the load case, the accelerations were scaled by 386.4 to get the values in
the same units as the hand calculations and the modal combination was selected to be SRSS which can
be seen in Figure 10.
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Figure 9: Response Spectrum Input in Etabs
Figure 10: Response Spectrum Load Case Input in Etabs
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The max displacements from the response spectrum analysis by hand and from Etabs can be found in
Table 2 below. The large percent error is caused by the fact that double bending was assumed for the
hand calculations, but this is not the case for Etabs. Etabs does not model the members as perfectly
rigid to make the model more realistic. This lower stiffness means that for the same force, the frame
will deflect more.
Level Hand Calculated Displacement Etabs Displacement % error
3 6.233 in 7.765 in 24.6%
2 4.881 in 4.8341 in .964%
1 2.351 in 2.157 in 8.24%
Table 2: Response Spectrum Analysis Results
3.2.2 Linear Modal Time History Analysis
To see how the frame initially performs under earthquake loading, the frame is analyzed using
the linear time history analysis (THA) method with the El Centro ground motion. The results from
this analysis can be compared to that of the earthquake response spectrum generated by Etabs and the
results from this analysis will serve as a baseline for further analysis of the frame. Looking at a time
history analysis provides a better view of the overall performance of the frame compared to the response
spectrum analysis, and it allows for comparison of performance by looking at the affects from multiple
ground motions. Inputting the El Centro ground motion is shown in Figure 11 and the load case created
to run the linear time history analysis is shown in Figure 12.
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Figure 11: El Centro Ground Acceleration Input in Etabs
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Figure 12: Etabs Input Window for El Centro THA Load Case
Etabs Computer Model Results
Max Deflection (in) Max Acceleration (in/s2)
EQ Response Spectrum .6204 48.021
Linear Modal THA .5909 45.7335
Table 3: El Centro Ground Motion Linear Analysis Results
The acceleration value for the linear modal THA in Table 3 above was found using the relation between
the displacement, acceleration, and frequency squared, as well as the relationship between the period











−→ A = Dω2 = .5909 in ∗ (8.798 rad/s)2 = 45.7335 in/s2
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Figure 13: El Centro Acceleration Response Spectrum from Etabs
The acceleration from for the earthquake response spectrum is found from a graph in Etabs shown in
Figure 13. The acceleration value is divided by .7 to get a more accurate estimate of what the accel-
eration would be at the top level of the frame. The same equation used above is used to calculate the
displacement based on that acceleration value:







3.3 Nonlinear Dynamic Analysis
3.3.1 Direct Integration Time History Analysis
Nonlinear analysis using direct integration involves solving the equations of motion through in-
tegration. The integration takes place at very small time steps compared to how long the structure is
being loaded for. The equation of motion is:
Mü(t) + Cu̇(t) + ku(t) = F(t)
In the equation above, M, C, and K are the mass, damping, and stiffness matrices, respectively.
ü(t), u̇(t), and u(t) are the acceleration, velocity and displacement vectors, respectively.
To run direct integration in Etabs, a nonlinear time history load case has to first be created. As
with the linear modal time history analysis, the El Centro ground motion is input into Etabs as a time
history function. For the direct integration load case, the initial conditions are set to start from zero, and
the load type is chosen to be acceleration in the x direction. The scale factor is put in as 386.4 to get the
results in the correct units by multiplying by gravity. The number of time steps and the time step size
are changed to match the El Centro ground motion data. The input for the direct integration load case
is shown in Figure 14. To get the correct damping for this analysis, the settings are changed to specify
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damping by period, and for the fundamental period of the structure, .7142, a damping value of .05 is
entered. For the second period a value of .1 is entered to create a large enough range between the two
periods, and a damping value of .05 is also entered. Doing this forces the damping to be 5% between
the first and second period. An in-depth analysis would be required to determine the best value for the
second period which is outside the scope of the project. The modal settings for the direct integration
load case can be seen in Figure 15. The deflection results from the direct integration time history anal-
ysis are shown in table 4 in the next section.
Figure 14: Etabs Input for Direct Integration THA Load Case
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Figure 15: Damping Input for Direct Integration THA Load Case
3.3.2 Fast Nonlinear Analysis (FNA)
FNA is a modal analysis method that is an alternative analysis method that works by separating
the nonlinear object force vector RN L(t) from the elastic stiffness matrix and the damped equations of
motion [1]. The equation of motion for FNA is:
Mü(t) + Cu̇(t) + ku(t) + RN L(t) = R(t)
In the equation above, R(t) is the external applied load vector and RN L(t) is the force vector from
all the nonlinear elements. The rest of the variables were defined previously.
FNA works well for structures where specific elements are expected to go nonlinear and the rest
of the structure remains elastic. This will be the case when dampers are added to the model. The ad-
dition of the dampers allows for the rest of the frame to remain elastic or linear, while the dampers go
nonlinear, but FNA does not consider geometric or material nonlinear behavior. FNA is also very effi-
cient, and it is much faster compared to direct integration. FNA is very efficient because it relies on ritz
vectors, which are used to determine a sufficient number of structural modes to represent the behavior
of the structural response [2]. Only vectors that respond to the particular loading used are sought out.
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The ritz vectors represent the equilibrium relationships within the elastic structural system [1]. At every
time increment the modal equations are uncoupled and solved, and the forces in the nonlinear degrees
of freedom are resolved through an iterative process that will converge to reach equilibrium [1]. As
long as FNA has good mode shapes the analysis will produce accurate results, whereas direct integra-
tion needs to have small enough time steps to accurately characterize dynamic behavior [1]. FNA also
relies on only modal damping and direct integration uses mass and stiffness proportional damping. This
is useful since modal damping does not require the formation or storage of a fully populated damping
matrix.
To begin to analyze the frame with FNA in Etabs, the modal load case is changed from Eigen to Ritz.
For this modal case, the load types are acceleration in the x direction and dead load. The maximum
number of modes is set at 100 to ensure that enough modes will be used. The ritz vector modal case
input can be seen in Figure 16. Next, in order for FNA to work, there needs to be a load case for dead
load. The dead load that is applied to the structure is 100 k at the exterior columns at all levels and 200
k at the interior columns at all levels. To determine if the amount of dead load has any significant effect
on the results, the analysis was run with a range of dead load values for the exterior columns: 10 k, 15
k, 20 k, 50 k, 75 k, and 100 k while the interior columns had double the exterior column weight. The
results revealed that the dead load applied had a negligible effect on displacement so all results moving
forward are based on the 100 k and 200 k dead loads. For this load case the loads applied are just the
dead load with the default ramp function used. The modal load case is changed to be the ritz vector
modal case that was previously made. For FNA the damping is kept at a constant value of .05. The FNA
load case for dead load can be seen in Figure 17.
Figure 16: Etabs Input for FNA Modal Case
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Figure 17: Etabs Input for FNA Dead Load Time History Analysis Load Case
After creating the FNA load case for dead load, a load case needs to be created for the El Centro ground
motion. For this load case, instead of starting at zero initial conditions, it is changed to continue from
the FNA dead load case. The loads applied is selected as acceleration in the x direction and the function
is the El Centro ground motion with the scale factor set as 386.4. The modal case is change to the ritz
vector modal case, and as for the dead load case, damping is kept as .05. The input for this load case is
shown in Figure 18 below.
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Figure 18: Etabs Input for FNA El Centro Ground Motion Load Case
Etabs Computer Model Results
Max Deflection (in) Min Deflection (in) Max Acceleration (in/s2)
Direct Integration THA .2938 -.5221 40.4086
FNA THA .3531 -.5909 45.7334
Linear Modal THA .3531 .5909 45.7335
Table 4: El Centro Ground Motion Nonlinear Analysis Results
The results from FNA and the direct integration analysis are shown in the table above as well as the
results from the linear time history analysis to compare to. From these results it is clear there is not a
significant difference between the two analysis methods. In fact, for El Centro the results from the linear
modal THA and FNA were the same. Because of this, moving forward FNA will be used for all analysis




For further analysis seven ground motions were chosen. These ground motions are samples of seis-
mic activity from the bay area in California, which is considered to be a high seismic region. The ground
motions were acquired from a structural engineering firm and they are maximum considered earthquake
(MCE) ground motions. The acceleration plots of the ground motions can be seen in Figure 19 through
Figure 25 below. Figures 26 through 32 show the displacement and velocity plots for all of the ground
motions.
Figure 19: Ground Motion 1 Acceleration Plot
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Figure 20: Ground Motion 2 Acceleration Plot
Figure 21: Ground Motion 3 Acceleration Plot
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Figure 22: Ground Motion 4 Acceleration Plot
Figure 23: Ground Motion 5 Acceleration Plot
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Figure 24: Ground Motion 6 Acceleration Plot
Figure 25: Ground Motion 7 Acceleration Plot
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Figure 26: Plots for Ground Motion 1
Figure 27: Plots for Ground Motion 2
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Figure 28: Plots for Ground Motion 3
Figure 29: Plots for Ground Motion 4
33
Figure 30: Plots for Ground Motion 5
Figure 31: Plots for Ground Motion 6
34
Figure 32: Plots for Ground Motion 7
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4.2 Linear vs Nonlinear Analysis
To begin investigation into the 7 different ground motions, they are each applied to the frame model
and analyzed with linear modal THA as well as FNA. This provides a general idea of how the frame will
perform when subjected to each ground motion and allows for the results from each to be compared
relative to each other. The accuracy of the models can be determined based on how close the results
from the 2 analysis methods are. Since the model does not currently have any nonlinear elements, the
results from the two analysis methods should be very similar. The input for the two analysis methods
is entered into Etabs for each ground motion the same way as for El Centro which is shown in section
3.2.2 and 3.3.2. Note that the time step size and number of time steps are based on the ground motion
data that is being input into Etabs. The results from both analysis methods for all seven ground motions
are shown in Table 5. In the table GM# represents ground motion and which number ground motion it
is.
FNA THA Results Linear Modal THA Results
Max Deflection (in) Min Deflection (in) Max Deflection (in) Min Deflection (in)
GM 1 7.78 -7.86 7.73 -7.91
GM 2 6.72 -7.65 6.70 -7.67
GM 3 7.69 -7.39 7.46 -7.62
GM 4 7.57 -7.59 7.43 -7.72
GM 5 5.30 -8.41 5.33 -8.38
GM 6 8.22 -6.82 8.23 -6.81
GM 7 6.50 -7.75 6.57 -7.67
Table 5: Linear and Nonlinear Analysis Results for 7 Ground Motions
The results in the above table show that the analysis methods, FNA THA and linear modal THA, produce
deflection values that are relatively close for all seven ground motions.
4.3 Damper Model
The Damper that is being modeled in Etabs is based on a fluid viscous damper (FVD) made by
the company, Taylor Devices Inc. For this damper, Taylor Devices performed experimental tests to de-
termine the hysteretic behavior of the damper. The results from the computer analysis of the damper
will be compared to the experimental results acquired from Taylor Devices, to ensure that the model
accurately represents the actual performance of the damper.
To create the damper in Etabs, a new link section property was made. To model a fluid viscous
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damper, the damper type in Etabs is changed to damper - exponential. Since the frame is modeled
along the x-axis, the U1 direction is selected for the direction and the box for nonlinear properties is
checked which can be seen in Figure 33. The linear and nonlinear properties of the specific damper
are entered, which include the stiffness and effective stiffness, the damping and effective damping, and
the damping exponent and are shown in Figure 34. In Etabs, the damper properties are based on the
Maxwell model of viscoelasticity where there is an exponential viscous damper in series with a linear
spring [7]. The stiffness in the Maxwell model reflects the stiffness of the brace that is often used to
connect the damper from one story to another.
Figure 33: Etabs Input for Fluid Viscous Damper
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Figure 34: Etabs Input for Damper Properties
For the analysis of this damper, a sine function time history is entered, which is what was used for the
experimental testing. The period of the function is 1.88 seconds, the number of steps per cycle is 20,
the number of cycles is 5, and the amplitude is 21. The input for the time history function is shown in
Figure 35.
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Figure 35: Etabs Input for Sine Function
A load case is created for the analysis of the damper, using nonlinear direct integration. The initial
conditions are starting from 0, and the load pattern that is created uses the sine time history function
that was previously created. The Number of output steps entered is 200, and the output time step size
is .1. When the damper section property is placed in Etabs, it has a pinned support at one end and a
roller support at the other end. A one kip load is applied at the roller support pointed toward the other
end of the damper. The load case input is shown in Figure 36 and the model of the damper is shown in
Figure 37.
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Figure 36: Etabs Input for Damper Load Case
Figure 37a: Damper Model in Etabs
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The hysteretic curves from the Etabs model of the damper and from the experimental testing by
Taylor Devices are shown in Figures 37b and 37c below. The results show that the hysteretic curves
match each other so the damper was modeled correctly in Etabs.
Figure 37b: Hysteretic Curve from Computer Model
Figure 37c: Hysteretic Curve from Taylor Devices [8]
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The damper will now be added to the frame which will be analyzed with FNA for each of the seven
ground motions. The orientation of the dampers will be diagonal, going from the lower left corner of a
bay in the moment frame to the upper right corner. First a single damper will be added to the top level
middle bay. Then a second damper will be added to the bay below, and finally a third damper will be
added to the middle bay in the bottom level. The Etabs Models of the three configurations of dampers,
and graphs showing the decrease in deflection relative to the frame without any dampers are shown
below in Figures 38 through 43. The data for Figures 39, 41 and 43 is shown in Appendix A Tables 8,
9, and 10.
Figure 38: Frame Elevation with 1 Damper
Figure 39: Bar Graph of Deflection Results with 1 Damper
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Figure 40: Frame Elevation with 2 Dampers
Figure 41: Bar Graph of Deflection Results with 2 Dampers
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Figure 42: Frame Elevation with 3 Dampers
Figure 43: Bar Graph of Deflection Results with 3 Dampers
The graphs above show that as dampers are added to the frame, the deflections for all ground motions
decrease both in the positive and negative x direction. The deflection from ground motion 3 decreases
by the largest amount and the deflection from ground motion 5 decreases by the smallest amount. The
difference in percent decrease in deflection between the maximum and minimum deflection stays con-
sistent as more dampers are added.
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Figure 44: Bar Graph of Change in Results Between 1 to 2 Dampers
Figure 45: Bar Graph of Change in Results Between 2 to 3 Dampers
Figure 44 and Figure 45 above show how much the percent decrease in deflection changes when
going from 1 damper to 2 dampers, and then going from 2 dampers to 3 dampers. The deflection
changes by a much larger amount when adding a second damper compared to adding a third. This
shows that the there is a limit to the return on investment when adding dampers. The more dampers
you add, the smaller the benefit they will provide, meaning that there is a point where it is no longer





Using only the first ground motion for analysis, a series of different damper configurations in the
frame will be modeled and analyzed with FNA to determine which configurations produce the largest
decreases in the deflection of the frame. The configurations will fall into 5 categories based on the
number of dampers, where they will either have 1 damper, 2 dampers, 3 dampers, 4 dampers, or 6 or
more dampers. Figures 46 through 51 below show all the configurations in each of the categories.
Figure 46: All Damper Configurations with 1 Damper
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Figure 47: All Damper Configurations with 2 Dampers in a Row of Bays
Figure 48: All Damper Configurations with 2 Dampers in a Column of Bays
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Figure 49: All Damper Configurations with 3 Dampers
Figure 50: All Damper Configurations with 4 Dampers
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Figure 51: All Damper Configurations with 6 or More Dampers
From the analysis that was carried out, the deflection at the left corner of the top level of the frame
was determined for each configuration and the percent decrease from the deflection for the frame with-
out any dampers was determined. The following Figures 52 through 57 show the percent decreases in
deflection for each damper configuration category. The data for these graphs is shown in Appendix A
Tables 12 through 17, respectively.
Figure 52: % Decrease in Deflection for Configurations with 1 Damper
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Figure 53: % Decrease in Deflection for Configurations with 2 Dampers in a Row
Figure 54: % Decrease in Deflection for Configurations with 2 Dampers in a Column
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Figure 55: % Decrease in Deflection for Configurations with 3 Dampers
Figure 56: % Decrease in Deflection for Configurations with 4 Dampers
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Figure 57: % Decrease in Deflection for Configurations with 6 or More Dampers
The previous graphs show that as more dampers are added to the frame the decrease in deflection
increases. Between the different configurations in the same categories, the decrease in deflection does
not change significantly. For the configurations with 1 damper, or two dampers in the same row of the
bays, the specific bays with the dampers did not impact the results, but when looking at the different
levels the values did vary. Based on the results, taking into account the decrease in deflection and the
number of dampers, a configuration using three dampers is an optimal choice since it provides a very
good return on investment. The decrease in deflection for the 3 damper configurations ranges from
25-30% and those values only increase by approximately 10% when looking at configurations with 4
dampers. When increasing the number of dampers to configurations with 6 or more, the minimal addi-
tional decrease in deflection may not be worth the additional cost for those dampers.
When looking at the configurations with 3 dampers, the best performing configuration is number 28,
where the 3 dampers are located in all three bays of the top level. The reasoning for this is shown when
looking at a plot of the story displacements. The Story displacement between the third and second level
is greater than that between the second and first level or between the first level and the base. Adding
dampers to the level where the story displacements are greatest results in the largest percent decrease
in deflection. A plot of the story displacement for the frame without dampers for the first ground motion
is shown in Figure 55b.
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Figure 55b: Story Displacement for Frame without Dampers - GM1
The story displacement plot above shows that the slope is the flattest between the second and third
levels, which means the horizontal increase in deflection is the greatest between those 2 levels.
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4.4.2 Damper Orientation
Based on the results from looking at the damper configurations, a select number of configurations
will now be analyzed to see if the specific orientation of the dampers within the configuration effect the
results. The configurations that will be used are: the configuration with dampers in all 3 bays of the
top level (C28), the configuration with dampers in all the bays of the middle column of bays (C32), the
configuration with dampers in the 4 upper left bays (C34), and the configuration with dampers in all the
bays in the top 2 levels (C38). For each configuration, the orientation of the dampers will be changed
so that they connect end to end, providing a more direct path for the force through the dampers, that
avoids the structural system. Figures 58 through 61 show elevations of the configurations with the new
orientations and Figures 62 through 65 show results of the percent change in displacement for both the
original and new orientation for all 7 ground motions.
Figure 58: Damper Configuration C28 With New Orientation
Figure 59: Damper Configuration C32 With New Orientation
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Figure 60: Damper Configuration C34 With New Orientation
Figure 61: Damper Configuration C38 With New Orientation
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Figure 62: Comparison of Results for Configuration C28 With Original and New Orientation
Figure 63: Comparison of Results for Configuration C32 With Original and New Orientation
Figure 64: Comparison of Results for Configuration C34 With Original and New Orientation
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Figure 65: Comparison of Results for Configuration C38 With Original and New Orientation
The Figures above show that for each of the configurations, changing the orientation of the dampers
had very little if any impact on the percent decrease in deflection. Moving forward the original orienta-
tions will continue to be used for further analysis. Data for Figures 62 through 65 is shown in Appendix
A Tables 18 through 25.
4.5 Damper Properties
As discussed previously, the amount of force that a damper can resist is based on the velocity, the
damping coefficient C, and the damping exponent, α. In order to determine how the damping coefficient
and damping exponent affect performance, both values will be varied to see how the results change.
The original value that was used for the coefficient was 2, so for this analysis the value will be both
doubled to 4 and cut in half to 1. For all 3 coefficient values, the α value will be varied while C is kept
constant. α will be changed from 1 to .75, .5, .2 and .1. Values of α that are less than 1 represent a
nonlinear relationship between the force in the damper and the velocity. Two configurations will be used
for this analysis. The first is the configuration with dampers in all 3 bays of the top level (C28), and the
second is the configuration with dampers in all the bays of the middle column (C32). The results from
this analysis are shown in Figures 66 through 71 below, and the data is shown in Appendix A Tables 26
through 31, respectively.
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Figure 66: % Decrease in Deflection for Damper Configuration 28 with C = 1
Figure 67: % Decrease in Deflection for Damper Configuration 28 with C = 2
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Figure 68: % Decrease in Deflection for Damper Configuration 28 with C = 4
Figure 69: % Decrease in Deflection for Damper Configuration 32 with C = 1
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Figure 70: % Decrease in Deflection for Damper Configuration 32 with C = 2
Figure 71: % Decrease in Deflection for Damper Configuration 32 with C = 4
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In the figures above, it can be seen that as the coefficient increases, the percent decrease in deflec-
tion also increases. This is consistent between the two configurations tested and for all seven ground
motions. Figure 72 through Figure 75 below provide a visual for how much the percent decrease in
deflection increases when the C value changes. The previous figures also show that as the alpha value
decreases, the percent decrease in deflection decreases. It is also interesting to note that as alpha de-
creases, the gap between the percent decrease in deflection for ground motion 5 and the other ground
motions gets smaller. This is likely do to the fact that ground motion 5, is a near fault earthquake, which
it can be identified as by looking at the pulse on the velocity graph of the ground motion in Figure 30b.
Dampers that experience near fault ground motions typically perform better with a smaller alpha value
since the damper does not have as much time to dissipate energy, and in order to provide good perfor-
mance, a damper needs to cycle back and forth. Data for Figures 72 through 75 is shown in Appendix
A Tables 32 through 35, respectively.
Figure 72: Change in % Decrease in Deflection for Damper Configuration 28 when C goes from 1 to 2
61
Figure 73: Change in % Decrease in Deflection for Damper Configuration 28 when C goes from 2 to 4
Figure 74: Change in % Decrease in Deflection for Damper Configuration 32 when C goes from 1 to 2
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Figure 75: Change in % Decrease in Deflection for Damper Configuration 32 when C goes from 2 to 4
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When changing the damper properties, it is important to examine how that affects the hysteretic
behavior of the damper. Figure 76 below shows the hysteretic curves for all 5 α values with a con-
stant damping coefficient of 2 for the first ground motion using configuration 28. As α decreases, the
hysteretic shape starts to become more uniform, and it turns into more of a vertical oval shape. The
very long and straight vertical lines show that as the force in the damper increases or decreases, the
deformation stays very constant. This nonlinear relationship also results in the damper being able to
resist a significantly smaller amount of force. With an α of 1 the damper experiences a force of around
20 kips but with an α of .1 that decreases down to just under 3 kips. These factors combined cause the
area under the hysteretic curve to be smaller with a smaller α value and therefore there is less energy
dissipated by the damper. This means the structural members will have to dissipate more of the energy
through yielding of the members. Since overall an alpha value of 1 provided the best results, that value
will be used for further analysis.
Figure 76: Hysteretic Curves for varying α values with C = 2
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4.6 Nonlinear Frame with Hinges
In order to determine how the frame will perform when it is allowed to go beyond yield when sub-
jected to the various ground motions, hinges are added to the model at all the beam ends, and at the
bases of the columns at the ground. The two damper configurations that will be analyzed with hinges are
the configuration with dampers in all bays of the third level (C28) and the configuration with dampers in
all bays in the middle column (C32). The plastic rotation angles used as input for the hinge properties in
Etabs are found using a python script that is shown in Appendix B. The values are calculated according
to Table 9-7.1 in ASCE 41. The Figures 77 through 81 show the input properties for the hinges. There
are separate hinge properties for each beam, and for the interior and exterior columns. All of the hinge
properties are deformation controlled so the failure will be ductile.
Figure 77: Etabs Input for Level 1 Beam Hinge Property
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Figure 78: Etabs Input for Level 2 Beam Hinge Property
Figure 79: Etabs Input for Level 3 Beam Hinge Property
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Figure 80: Etabs Input for Interior Column Hinge Property
Figure 81: Etabs Input for Exterior Column Hinge Property
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The hinges are added to the members at the centroids of the plastic hinges. Table 6 below shows
the relative distances of the hinges that are input into Etabs. In addition to adding hinges, rigid end
offsets are also added to the model to make the model more realistic. The hinge locations were found
by combining half the length of the beam depth and half the length of the column depth at a specific
location and dividing by the beam length to get the relative distance along the beam where the hinge is
located. The hinge on the other side is in a mirrored position.
Hinge Name Hinge Location
Level 1 Beam Hinge .005L and .945L
Level 2 Beam Hinge .047L and .953L
Level 3 Beam Hinge .044L and .966L
Column Hinge .040L
Table 6: Hinge Locations in Etabs
When the frame is initially analyzed with hinges for all 7 ground motions, the acceleration is not
large enough to cause the frame members to go beyond yield. In order to force the frame to yield,
the inherent damping value is changed from 5% to 2% and the accelerations for each ground motion
are scaled up by 1.5. To allow for an accurate comparison, the 1.5 scale factor and 2% damping are
also changed for the models without hinges, and rigid end offsets are added in those models as well.
Figures 82 through 84 below show comparisons of deflection for the frame with and without hinges for
the same 2 configurations that were previously analyzed, 28 and 32 and for the frame with hinges and
no dampers. The data for Figures 82 through 84 can be found in Appendix A Tables 38 through 40,
respectively.
Figure 82: Displacement for the Frame With No Dampers - With and Without Hinges
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Figure 83: Displacement for Damper Configuration 28 - With and Without Hinges
Figure 84: Displacement for Damper Configuration 32 - With and Without Hinges
The graphs above show that when hinges are added to the frame, the displacements at the roof can
increase or decrease, depending on the ground motion. When looking at the deflections for the frames
with hinges and dampers, some of the deflections are larger than the frame without hinges, but they
are still less than the deflection for the frame with hinges and without dampers. This shows that even
when the members can yield, the dampers still help to decrease the amount of permanent deflection in
the members by dissipating energy. If the right dampers are selected that have appropriate properties
for the specific situation, it is possible that they could even entirely eliminate the need for the members
to yield. Figures 85 and 86 below show the % decrease in deflection for the two damper configurations,
with and without hinges, compared to frames that do not have dampers. The graphs that show the
change for frames without hinges have % decreases based on a frame without hinges. The graphs that
show the change for frames with hinges have % decreases based on a frame with hinges. The data for
Figures 85 and 86 can be found in Appendix A Tables 36 and 37.
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Figure 85: % Decrease in Displacement for Damper Configuration 28 - With and Without Hinges
Figure 86: % Decrease in Displacement for Damper Configuration 32 - With and Without Hinges
The graphs showing percent decrease in deflection show that when hinges are added, the variability
due to the different ground motions has more of an impact which is a more accurate reflection of re-
ality. There is a larger range in % decrease in deflection, but overall, the performance for each ground
motion is much better compared to the frame without dampers. The increased variability means that
an in depth look into the specific ground motions for a location would be necessary when deciding the
specific dampers to use to get the desired performance.
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The 2 configurations were also analyzed with varying coefficient values. As was done previously,
values of 1, 2, and 4 were used. The results from this analysis are shown in Figures 87 and 88, and the
data can be found in Appendix A Tables 41 and 42, respectively.
Figure 87: % Decrease in Displacement for Damper Configuration 28 - varying C Values
Figure 88: % Decrease in Displacement for Damper Configuration 32 - varying C Values
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As C increases, the % decrease in deflection consistently increases, as it did for the frames without
hinges. Between the 2 configurations, the increases between the C values are very similar, showing that
the specific configuration does not have a significant impact on the effects of changing the value of the
coefficient. Overall, the frame performed the best for each C value when experiencing ground motion
2, and the frame performed the worst for each C value when experiencing ground motion 7.
To get a better idea of how the addition of hinges affects the performance, it is necessary to look at
the hinge response curves. To provide a consistent comparison, the response curves that are shown in
Figures 89 through 91 are all from the left side of the left most beam on the second level. Figure 89
shows the response for the frame without any dampers, Figure 90 shows the response for configuration
28 for ground motions 2 and 7, and Figure 91 shows the response for configuration 32 for ground mo-
tions 2 and 7. Both damper configurations were from models that had a damping coefficient of 4.
Figure 89: Hinge Response Curve for Frame Without Dampers
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Figure 90: Hinge Response Curves for Frame With Configuration 28 for Ground Motions 2 and 7
Figure 91: Hinge Response Curves for Frame With Configuration 32 for Ground Motions 2 and 7
The hinge response without any dampers shows that the frame goes beyond the yield point. For both
damper configurations 28 and 32, the dampers cause the rotations in the hinges to decrease significantly
to the point that the hinges no longer yield. This shows that even when the members are allowed to
go inelastic, having dampers prevents that from happening. The difference in performance between
the 2 ground motions is relatively insignificant but with ground motions with higher accelerations the




In order to determine how effective the implementation of the dampers are, it is important to look
at the impact on the members of the structural frame. The addition of dampers changes the demand
that members experience, and if it ends up increasing the demand significantly, this could counteract
any benefits provided for the members. For the same 2 ground motions and configurations examined
for hinge properties, the axial, shear and moment demands from the Etabs models are shown in Figures
92 through 100. The max demand values for the moments on the members are the most important
since the beams are most likely to fail in flexure. Due to this fact, comparisons will be made just for the
moment demands. The demands from the frames with dampers will be compared to the demands from
the frames without dampers. The % changes in moment demand for the different members are shown
in Figure 101 and Figure 102. For all the following figures showing axial, shear and moment diagrams,
the title below the diagram indicates which ground motion was used for that model and whether or not
the model had hinges. The data for Figures 101 and 102 can be found in Appendix A Tables 43 and 44.
Figure 92: Axial Force Diagrams for Configuration 28
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Figure 93: Axial Force Diagrams for Configuration 32
Figure 94: Axial Force Diagrams for Frame with No Dampers
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Figure 95: Shear Force Diagrams for Configuration 28
Figure 96: Shear Force Diagrams for Configuration 32
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Figure 97: Shear Force Diagrams for Frame with No Dampers
Figure 98: Moment Diagrams for Configuration 28
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Figure 99: Moment Diagrams for Configuration 32
Figure 100: Moment Diagrams for Frame with No Dampers
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Table 7 below shows the maximum demand values for the members, for configurations 28 and 32,
and ground motions 2 and 7.
Table 7: Max Demand Values from Etabs
Figure 101: % Change in Moment Demands for Configuration 28
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Figure 102: % Change in Moment Demands for Configuration 32
The tables and figures above show that when the model is analyzed without dampers the shear and
axial forces can actually be less than after the dampers are added. When looking at the axial force dia-
grams it is clear the location of the dampers impacts the axial force in the members since the load has to
have a path to travel to and from the dampers. The location of the shear forces, on the other hand, does
not appear to be impacted by the dampers. That being said, as stated previously, the shear and axial
forces are not of major concern. As the figures above show, when dampers are added to the frame the
moment demand on certain members can decrease significantly. Although it is important to note that
the amount the demand decreases varies significantly depending on both the configuration, the ground
motion, and which member is being looked at. With careful analysis, the damper configuration can be
chosen to decrease the moment in the most important members, or in members that are most likely to
fail.
5.2 Damping Energy
Figures 103b through 106 below show the cumulative energy plots first with dampers and then
without. All of the figures are based on ground motion 2. These figures show how energy is dissipated
when the frame experiences the ground motion. Figure 103a shows a zoomed in view of the legend for
the cumulative energy diagram.
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Figure 103a: Legend for the Cumulative Energy Plots
Figure 103b: Cumulative Energy For Damper Configuration 28 - Without Hinges
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Figure 104: Cumulative Energy For Damper Configuration 28 - With Hinges
Figure 105: Cumulative Energy For Frame With No Dampers - Without Hinges
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Figure 106: Cumulative Energy For Frame With No Dampers - With Hinges
The first two energy plots show that when there are dampers in the frame, a significant amount of
the energy is dissipated through them. The dampers are the dominant source of energy dissipation in
the frame and the energy plots show that it takes time for the dampers to dissipate energy. It takes
until roughly halfway through for the energy dissipation to reach approximately the max value. When
hinges are added to the frame with dampers, the total amount of energy dissipated is even greater, and
the dampers dissipate an even larger amount of that energy. This is due to the fact that the increased
movement of the frame allows the damper to cycle back and forth even more, dissipating more energy.
When there are no dampers or hinges in the frame, almost all the energy dissipation comes from
global damping, which is elastic damping. When hinges are added, a large portion of the dissipated
energy comes from nonlinear hysteretic damping which comes from the formation of the plastic hinges
in the members. When the members permanently deform, they are dissipating some of the energy from
the ground motion.
The energy dissipated from the dampers can also be seen in the hysteretic curves. Figures 107
through 110 below show hysteretic curves for configuration 28, each for ground motion 2 and ground
motion 7 with and without hinges.
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Figure 107: Hysteretic Curve and Damper Axial Force Diagram for Ground Motion 2 - Without Hinges
Figure 108: Hysteretic Curve and Damper Axial Force Diagram for Ground Motion 2 - With Hinges
Figure 109: Hysteretic Curve and Damper Axial Force Diagram For Ground Motion 7 - Without Hinges
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Figure 110: Hysteretic Curve and Damper Axial Force Diagram for Ground Motion 7 - With Hinges
As with the energy plots, these figures show that more energy is dissipated when hinges are added
since the dampers experience a greater force and the dampers displace even more, both of which make
the area under the force displacement curve greater, which is equal to the amount of energy dissipated.
It is also shown that the damper cycles back and forth significantly more for ground motion 2 than for
ground motion 7, which aligns with the fact that the frame with dampers performs the best in ground
motion 2.
5.3 Base Shear
Figure 111 shows the base shear values for configurations 28 and 32, as well as for the frame with-
out dampers, for ground motions 2 and 7 with and without hinges. Figure 112 shows the frame with
damper configurations 28 and 32.
Figure 111: Graph of Base Shear Values
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Figure 112: Frame Elevations of Damper Configurations 28 and 32
The base shear is the largest for the frame without dampers regardless of which ground motion is
being used or if the frame has hinges in it. Having a smaller base shear shows that the structure is having
to resist less of the lateral force from the ground motion since the dampers are absorbing some of that
force. The addition of hinges to the model decreases the base shear for the frame without dampers,
but it is still not as small as it is for the frame with dampers. Again, this graph shows that the frame
performs better for ground motion 2, and for configuration 32, where the dampers are located at all
levels in the middle bays of each level.
5.4 Conclusion
From all of the analysis shown in this report, it is clear that adding fluid viscous dampers (FVDs) to a
steel special moment frame can provide beneficial effects. FVDs help to reduce the forces the structural
frame experiences by redirecting and dissipating energy from a seismic event so that the frame itself
does not have to dissipate as much energy. This results in decreased deflection in the frame as well as
decreases in the demand forces on the members. It is possible to produce significant improvement in
results from the addition of as few as 3 FVDs per frame line. With adequate knowledge of the expected
ground motions the frame could experience, the best configuration for dampers can be selected. Careful
analysis for specific cases when designing can allow for an exceptional structural system that performs
desirably in seismic events.
By using FVDs in a steel special moment frame, not only is the structure much more likely to be safe
for occupants during a seismic event, the cost to repair will likely be significantly lower and if included in
the initial design, initial construction costs could be lower since the frame does not have to be designed
to resist as much force as would be necessary without the dampers. FVDs provide a structural design
that goes beyond what is required by code to provide an effective and beneficial option to improve safety
and decrease cost. The flexibility with where dampers can be located means their application can be
wide spread and tailored to fit any specific project, creating a great way to make sure that structures
last through the seismic events they may experience. Thinking about design in terms of overall perfor-
mance allows for the creation of a resilient building, and fluid viscous dampers are an effective way to
implement that idea in the structural system.
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APPENDIX A: Data Tables
Table 8: Data for Figure 39
Table 9: Data for Figure 41
Table 10: Data for Figure 43
Table 11: Data for Figure 44 and Figure 45
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Table 12: Data for Figure 52
Table 13: Data for Figure 53
Table 14: Data for Figure 54
Table 15: Data for Figure 55
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Table 16: Data for Figure 56
Table 17: Data for Figure 57
Table 18: Data for Figure 62 (Original Orientation)
Table 19: Data for Figure 62 (New Orientation)
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Table 20: Data for Figure 63 (Original Orientation)
Table 21: Data for Figure 63 (New Orientation)
Table 22: Data for Figure 64 (Original Orientation)
Table 23: Data for Figure 64 (New Orientation)
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Table 24: Data for Figure 65 (Original Orientation)
Table 25: Data for Figure 65 (New Orientation)
Table 26: Data for Figure 66
Table 27: Data for Figure 67
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Table 28: Data for Figure 68
Table 29: Data for Figure 69
Table 30: Data for Figure 70
Table 31: Data for Figure 71
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Table 32: Data for Figure 72
Table 33: Data for Figure 73
Table 34: Data for Figure 74
Table 35: Data for Figure 75
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Table 36: Data for Figure 85
Table 37: Data for Figure 86
Table 38: Data for Figure 82
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Table 39: Data for Figure 83
Table 40: Data for Figure 84
Table 41: Data for Figure 87
Table 42: Data for Figure 88
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Table 43: Data for Figure 101
Table 44: Data for Figure 102
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APPENDIX B: Python Scripts
Python Script for Eigen Analysis Function
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Python Script for Response Spectrum Analysis - Part 1
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Python Script for Response Spectrum Analysis - Part 2
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Python Script for Response Spectrum Analysis - Part 3
Python Script for Ground Motion Plots - Part 1
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Python Script for Ground Motion Plots - Part 2
101
Python Script for Hinge Properties - Part 1
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Python Script for Hinge Properties - Part 2
103
REFERENCES
104
